Sleep duration has been associated with prevalence of obesity, hypertension, and diabetes 1 and with incident hypertension and coronary artery calcification over 5 years. 2, 3 On the basis of limited research to date, it appears that the association of sleep duration with blood pressure (BP) and hypertensive status may be age dependent, with inconsistent findings for adolescents, 4,5 an inverse association noted for young and middle-aged adults 2, 6, 7 and no association evident among children 8 and older adults. 6,9 Among middle-aged and older adults in a representative sample survey of the US adult population, this age-dependent association varied by sex. 10 Further study is needed to elucidate these patterns within and across developmental stages.
in the original study 12, 13 to measure activity levels at the time of each ambulatory BP measurement, was used in this study to measure duration of sleep at night and during the day.
Sampling plan and recruitment
The target population was adolescents aged 11-16 years in Houston, Texas. Adolescents were recruited from 3 public schools that had ethnic/racial diversity and were geographically accessible to the university. A total of 417 participants were enrolled in the original study from a pool of 1,641 students in one middle school and 1,990 students in 2 high schools. The ethnic/racial distribution in these schools was 31% non-Hispanic black, 32% non-Hispanic white, 30% Hispanic, and 7% other.
School-wide recruitment of participants took place in large assemblies, physical education classes, or homerooms. From among students that volunteered and had parental written consent, participants were selected by a stratified quota sampling plan based on sex, ethnic/racial group, and age. This plan was designed to oversample older boys and younger girls to include boys and girls at comparable stages of sexual maturation. Procedures for protection of human subjects were approved by the university institutional review board. Participants received $30.00 for completion of data collection protocols.
From a total of 417 participants who were enrolled in the original data collection, 88% (n = 366) were included in this study. There were 32 exclusions because of incomplete ambulatory BP data or withdrawal from the original study. From the 385 remaining participants, 8 additional participants were excluded because of incomplete actigraphic data for coding sleep intervals, 3 were excluded for missing data on Tanner staging of sexual maturation, 7 were excluded for missing information on mother's education, and 1 was excluded for missing diary data to code position and location at the time of each BP measurement.
Data collection instruments and procedures
Ambulatory BP monitoring. Each participant wore a SpaceLabs ambulatory BP monitor, Model 90207 (Spacelabs Healthcare, Smoqualmie, WA) for 24 hours. This oscillometric device was calibrated against a mercury sphygmomanometer, worn on the waist, and connected to an appropriately sized cuff that was worn on the nondominant arm. Monitoring of the 24-hour interval started on a Monday through Thursday so that BP and sleep duration were always measured on a school night/day, not a weekend night/day. Participants received instructions to remove the monitor only when necessary for bathing or swimming and to keep their arm still when the cuff inflated every 30 minutes. Participants had access to study personnel by phone to address any problems encountered during the monitoring. If a reading was missed or produced an error code, a repeat measurement was attempted automatically after a 2-minute interval. A measurement cycle was considered complete if there were at least 85% of the scheduled BP recordings. After each BP measurement while awake, the participant noted in a checklist diary the time, location (home, school, other), and position (standing, sitting, reclining).
SBP, DBP, and mean arterial pressure MAP were described with means and SDs while awake, asleep, and for 24 hours. BP load was defined as the percentage of measurements that were ≥95th percentile for sex and height using the only available normative values for ambulatory pediatric BP, 14 with excess load defined as >30% of the readings over the normative values. 15 Activity/sleep monitoring. Activity was monitored during the same 24-hour interval as the ambulatory BP. Data were collected in 1-minute epochs with a Motionlogger actigraph (Model 20.000; Ambulatory Monitoring, Ardsley, NY), which was worn on the nondominant wrist and synchronized with the ambulatory BP monitor. This instrument was selected for the study on the basis of evidence of its reliability 16 and validity. 17 Data were scored for sleep/wake status with Action-W software (Ambulatory Monitoring) using the Cole-Kripke algorithm. 18, 19 The diary recordings were used to confirm the times that the participant went to bed and got up. All readings coded as "sleep" during the nocturnal sleep interval were aggregated into the variable "sleep duration at night. " Epochs that were coded as sleep and occurred outside this interval were counted as naptime (daytime sleep) if the interval lasted at least 10 minutes. Duration of the nocturnal sleep interval, also referred to as "nighttime sleep, " was added to duration of any naptime (daytime sleep) to define "sleep duration in 24 hours. " Mean physical activity while awake was defined as the sum of all activity counts for 1-minute epochs divided by the number of 1-minute epochs. Total activity counts while awake were not used as a measure of physical activity because longer sleep duration would be associated with less opportunity for physical activity when both are measured within the same 24-hour interval.
Physical examination. BP, anthropometric measurements (height, weight), and sexual maturation (Tanner criteria) 20 were measured during a physical exam at school conducted by nurse practitioners using a research protocol. Two resting BPs were taken with a mercury sphygmomanometer (Baumanometer-300; W.A. Baum, Copiage, NY), stethoscope, and appropriately sized cuff after at least 5 minutes of sitting quietly. 21 After the first measurement of BP, the cuff was removed for 1 minute. This was followed by measurement of a 30-second pulse before replacing the cuff on the same arm and taking the second measurement of BP. These 2 BP readings were averaged and used as the "resting" measure of BP. If the SBP and/or DBP was ≥90th percentile but <95th percentile for age, sex, and height, the adolescent was classified as prehypertensive, and if the SBP and/or DBP was ≥95th percentile, the participant was classified as hypertensive. 22 Obesity status was defined by BMI expressed in kilograms per meter squared and based on Centers for Disease Control and Prevention growth charts and categories. 23 Tanner stages of sexual maturation were recorded on a 1-5 scale and dichotomized as less mature (stages 1-3) and more mature (stages [4] [5] . Ethnic/racial group was based on the participant's self-report and classified as Hispanic, nonHispanic black, non-Hispanic white, and other.
Parent interview.
A phone interview was conducted with a parent or guardian of the adolescent participant. Data included parental education, employment status, and occupation. Data were most complete for mother's education, and this variable was used as an indicator of socioeconomic status; those who had a high school education (12 years) or less were compared with those with more than 12 years of education.
Statistical analysis
The sample was described with percentages for categorical variables and means and SDs for continuous variables. Differences in sleep duration among subgroups were tested with 1-way analysis of variance. Pearson's correlation coefficient was used to test the strength of the linear association between sleep duration and physical activity. Multiple regression analysis was used to identify significant predictors of sleep duration.
We used a multilevel, random coefficients regression model for repeated measures data 24 for testing the association of ambulatory SBP and DBP (in separate analyses) with several independent variables (MIXED procedure; SAS Institute, Cary, NC). This model with each adolescent as the unit of analysis and each repeated measurement of ambulatory BP as the subunit provided a means to deal with an unbalanced dataset and lack of statistical independence of multiple measurements on the same individual. Independent variables at the individual level were sleep duration at night and sleep duration during naps. Covariables measured at the individual participant level were age, sex, ethnic/racial group, mother's education, sexual maturation, BMI, and physical activity. Covariables at the level of each BP measurement were position and location at the time of the measurement. Further analyses were conducted to rule out the possibility that an association of sleep duration with BP might be an artifact resulting from the difference between sleep and awake BP. Because sleep BP is known to be lower than awake BP, longer sleep duration would naturally result in a lower BP over 24 hours. To address this issue, measurements were analyzed for daytime and nighttime SBP and DBP in separate mixed models.
RESULTS
Sample characteristics are presented as percentages in column 1 of Table 1 . Demographically, the sample of 366 students was 54% female, 37% non-Hispanic black, 31% Hispanic, 29% non-Hispanic white, and 3% other ethnic/ racial groups. Participants were evenly distributed over ages 11-16 years, and 61% were classified as more mature (Tanner stages 4 or 5). BMI was in the obese category for 21% of the adolescents, and in the overweight category for 18%. For resting BP, 10% were observed with SBP and/ or DBP in the prehypertensive range, and 4% were in the hypertensive range. Descriptive statistics for ambulatory BP means and BP load are in Table 2 . BP loads over 24 hours were >30% for 39.3% (SBP), 35.5% (DBP), and 47.8% (mean arterial pressure) of subjects in this sample.
Descriptive statistics for sleep duration and differences in sleep duration by demographic and health characteristics are summarized in Table 1 . On average, adolescents slept 6.83 (SD = 1.36) hours at night and 7.23 (SD = 1.67) hours over 24 hours. Sleeping during the daytime (napping) was observed in 58.5% of the adolescents, with an average naptime of 0.68 (SD = 1.14) hours. Univariable analyses with sleep duration as the dependent variable indicated significant differences by sex (P = 0.03), ethnic/racial group (P < 0.0001), and obesity status (P < 0.01) for nighttime sleep duration and for sleep duration in 24 hours (sex: P = 0.03; ethnic/racial group: P = 0.02; obesity status: P < 0.01). Female adolescents compared with male adolescents, all ethnic/racial groups compared with non-Hispanic black adolescents, and normal weight adolescents compared with overweight and obese adolescents slept significantly longer. Neither nighttime sleep duration nor total sleep time in 24 hours was significantly related to age group, sexual maturation, BP status, or mother's education. Sleep duration was negatively related to physical activity during the day, both for sleep duration at night (r = −0.31; P < 0.0001) and sleep duration over 24 hours (r = −0.52; P < 0.0001). In multiple regression analyses (Table 3 ), significant predictors of sleep duration were ethnic/racial group (P < 0.0001 for nocturnal sleep duration, and P < 0.01 for 24-hour sleep duration), obesity (P = 0.03 for nocturnal sleep duration), and daytime physical activity (P < 0.0001 for both nocturnal and 24-hour sleep duration). Hispanic and non-Hispanic white adolescents had longer sleep duration than non-Hispanic black adolescents; more daytime activity was associated with shorter sleep duration; obese compared with normal weight adolescents had significantly shorter sleep duration at night, but not over 24 hours.
In mixed-effects models predicting SBP and DBP (Table 4) , controlling for all covariables and sleep duration during the day, each additional hour of nighttime sleep was associated with lower SBP (−0.57 mm Hg; P < 0.0001); controlling for all covariables and nighttime sleep duration, each additional hour of daytime sleep was associated with lower SBP (−0.73 mm Hg; P = 0.001). DBP was significantly related to daytime sleep duration only, with each additional hour of daytime sleep associated with lower DBP (−0.50 mm Hg; P < 0.001).
Additional between-subject variables positively related to SBP were BMI (P = 0.02), age in years (P < 0.001), and sexual maturation (P < 0.0001). Between-subject factors that were negatively related to SBP were physical activity (P ≤ 0.01), sex (females had lower SBP; P < 0.0001), and ethnic/racial group (Hispanic as well as those in the "other" category had significantly lower SBP than non-Hispanic black adolescents; P < 0.01); adolescents of mothers who had more than a high school education had lower SBP than those whose mothers had 12 years or less of education (P < 0.01). For the within-subject effects, sitting or standing compared with reclining were related to higher SBP (P < 0.0001) and being at school or elsewhere compared with being at home was also related to higher SBP (P < 0.0001). Between-subject variables other than sleep duration that were negatively related to DBP were BMI (P < 0.0001); physical activity (P = 0.02); ethnicity (Hispanic and non-Hispanic white adolescents (P < 0.0001) as well as those in the "other" category (P < 0.001) had significantly lower DBP than nonHispanic black adolescents). Adolescents of mothers who had more than a high school education had lower DBP (P < 0.0001) than those whose mothers had 12 years or less of education. For the within-subject covariables, sitting or standing compared with reclining and being at school or elsewhere compared with being at home were related to higher DBP (all P < 0.0001).
The significance of sleep duration during the day and at night in relation to daytime and nighttime SBP and DBP was examined further in mixed models for repeated measurements of daytime and nighttime BP in separate models. Controlling for all covariables, coefficients for day and night sleep duration in relation to daytime and nighttime SBP and DBP are presented in Table 5 and next to those observed for the 24-hour interval. Controlling for sleep duration during the day and all covariables, each additional hour of nighttime sleep was associated with lower daytime SBP (−0.36 mm Hg; P = 0.02); controlling for nighttime sleep duration and all covariables, each additional hour of daytime sleep was associated with lower daytime SBP (−1.00; P < 0.0001). These findings for SBP during the daytime interval are consistent with those observed for the 24-hour interval. For SBP during the night interval, only nighttime sleep duration was significantly associated with lower SBP (−0.69; P = 0.001). The findings for daytime DBP also parallel the finding for the 24-hour interval; sleep during the day was associated with lower daytime DBP (−0.84; P < 0.0001), whereas sleep duration at night was not significantly related to daytime, nighttime, or 24-hour DBP.
DiSCUSSiON
In this study, sleep duration was significantly related to SBP and DBP measured over 24 hours and during the day in a school-based, ethnically diverse sample of adolescents aged 11−16 years. Longer sleep duration at night and during naps was significantly associated with lower SBP during the day and over 24 hours; longer duration of sleep during the day was associated with significantly lower DBP during the day and over 24 hours. These effects were significant in models that controlled for position and location at the time of each BP measurement, as well as between subjects' demographic variables, anthropometric variables, and physical activity during the day. Although previous studies of adolescents using actigraphy to measure sleep duration have not reported sleep duration during naps as a separate variable, overall the pattern of results in relation to BP was similar. Controlling for demographic variables and BMI, Mezick and colleagues reported that shorter sleep duration was associated with higher ambulatory SBP and DBP. 4 Likewise, in a study of BP measured in 238 adolescents in the Cleveland Children's Sleep and Health Study 5 before and after polysomnography, actigraphy measures of sleep duration during a minimum of 3 days before the BP measurements were significantly related to continuous measures of SBP, but not after adjustment for demographic variables, term status at birth, and BMI (P = 0.06). Our study extended previous work by accounting for sleep duration during naps as a predictor of BP, by including an objective measure of physical activity during the day as a covariable, and by accounting for position and location of the adolescent at the time of BP measurement. This sample was also more ethnically diverse than previous studies in the United States, with substantial proportions of Hispanic, non-Hispanic black, and non-Hispanic white adolescents.
In relation to the secondary aim describing sleep duration in adolescents, mean duration of nighttime sleep for the adolescents in this study (6.83; SD = 1.36 hours) was approximately 23 minutes longer than a mean of 6.45 (SD = 0.79) hours reported by Mezick and colleagues 4 and approximately 53 minutes shorter than the mean of 7.71 (SD = 1.03) hours reported by Javaheri et al. 5 The higher SD in our study may have been because only one 24-hour period was assessed, whereas in the 2 previous studies, sleep duration was measured over 3-7 days.
Sleep duration was significantly shorter for non-Hispanic black adolescents compared with Hispanic and non-Hispanic white adolescents. This extends the results of previous studies of differences in sleep duration among ethnic/racial groups in the United States, in which black compared with white adolescents 4, 25 and adults 26, 27 had shorter sleep duration. To our knowledge, this is the first study to report that Hispanic adolescents had significantly longer sleep duration than non-Hispanic black adolescents.
The finding of a significant positive association between sleep duration at night and obesity confirms some previous studies, but there are mixed results regarding this association. 28 Given the cross-sectional nature of the data, it is not possible to discern the temporal sequence or causal associations among these variables. It is possible that the association is bidirectional. Prospective studies using objective methods of measuring sleep duration are needed to further understand the physiologic and behavioral pathways through which obesity and sleep are associated.
The negative relationship between physical activity and sleep duration is consistent with a previous study of children 29 but is in the opposite direction of significant positive associations between physical activity and sleep duration found in many previous studies of adults. 30 The links among physical activity and exercise, fitness, and sleep quality and duration are complex, and knowledge is not sufficient for making causal inferences. Further, sleep duration and physical activity may not be directly related, but rather both of these variables may be related to a third variable that is common to both.
The study is limited by measurement of only one 24-hour interval for each participant and by lack of control for possible effects of season on measurements of sleep and physical activity. In addition, although the adolescents were presumably healthy, we did not assess or exclude those with conditions such as sleep-disordered breathing that may have influenced sleep duration and/or BP. Further, some selection factors are acknowledged; although recruitment was aimed at the entire school population of students and a quota sampling plan was used, participants volunteered for the study and had to have parental consent. Strengths of this study include the objective measurement of activity and sleep and ambulatory BP and measurements on an ethnically diverse sample of adolescents. A further strength is that the participants were recruited in a community setting, providing data on adolescents that are not represented in clinical samples.
Longitudinal studies are needed to establish the temporal sequence of associations among sleep variables, anthropometric characteristics, and indicators of cardiovascular health, including levels of ambulatory BP. Further study is also needed to elucidate the mechanisms, such as inflammation 31 and psychosocial characteristics, 32 through which sleep duration and/or other sleep characteristics may affect cardiovascular health. Even in the absence of complete knowledge about mechanisms involved, interventions to improve sleep may be warranted. Groups that could be targeted for such interventions include those at higher risk of deficits in cardiovascular health and short sleep duration, including non-Hispanic black adolescents, and those who are obese. As hypothesized, sleep duration, both during the day and at night, were inversely related to SBP; only sleep during the day was inversely related to DBP. The effect sizes of the associations between sleep duration and BP are small. Nevertheless, small reductions in BP, if applied on a population basis and sustained over time, could have an impact on cardiovascular health in adolescents. 33 Further research to understand causal linkages underlying the association between sleep duration and BP and to explicate the role of sleep in cardiovascular health of adolescents is warranted. The following were controlled for: body mass index, physical activity (mean awake), age, sex, ethnicity, sexual maturation, mother's education, position (sitting, standing, reclining), and location (home, school, other).
Downloaded from https://academic.oup.com/ajh/article-abstract/27/7/948/158726 by guest on 09 March 2019
